The interaction of the {1014} cleavage surface of calcite with Hg(CH 3 COO) 2 aqueous solutions with concentration of 5 mM Hg(II) (pH &3.5), was investigated using microscopic and spectroscopic techniques. In situ atomic force microscopy experiments showed that surface microtopography changes significantly as a result of the interaction, and that the initial rhombic etch pits induced by H 2 O dissolution are rapidly transformed to deeper etch pits exhibiting an unusual triangular shape. The growth of these etch pits is strongly anisotropic, moving faster along the [221] direction than along the [010] direction (with step-retreat velocities of~12 nm s -1 and~4 nm s -1
Introduction
THE dissolution and precipitation behaviour of calcite in aqueous media containing dissolved heavy metals is a subject of current research in earth, chemical and environmental sciences. Calcite interacts strongly with several divalent metal ions (Me 2+ ), removing them from aqueous solutions by sorption processes such as surface precipitation/coprecipitation, adsorption, and absorption/solid-state diffusion (e.g. Stipp et al., 1992; Hay et al., 2003; Godelitsas et al., 2003) . The sorption processes occur simultaneously with the dissolution of the surface of calcite. Surface precipitation/coprecipitation is associated with het erogeneous nucleat i on/crystal growt h processes, leading to the formation of metal carbonate (MeCO 3 ) and hydroxycarbonate phases which are overgrown or deposited on the surface of the crystals. The potential formation of solid solutions, i.e. (Me,Ca)CO 3 , during growth processes is also an important issue when discussing sorption processes (e.g. Paquette and Reeder, 1995; Reeder, 1996; Tesoriero and Pankow, 1996; Rimstidt et al., 1998; Temmam et al., 2000; Putnis et al., 2003) in natural and industrial systems.
The chemical processes occurring on calcite surfaces can be studied in situ in a uid cell of an Atomic Force Microscope (AFM) by observing and recording the dynamic evolution of the surface microtopography at a submicron scale. Considerable work has already been carried out on the interaction of calcite with pure, acidic and alkaline aqueous solutions (e.g. Hillner et al., 1992; Stipp et al., 1994; Liang et al., 1996; Liang and Baer, 1997; Lea et al., 2001; De Giudici 2002) and in the presence of various organic molecules (e.g. Britt and Hlady, 1997; Hong et al., 1997; Teng and Dove, 1997; Teng et al., 1998; Orme et al., 2001 (Davis et al., 2000; Astilleros et al., 2000; Shiraki et al., 2000; Lea et al., 2001; Astilleros et al., 2002; Kamiya et al., 2002; Astilleros et al., 2003; Stipp et al., 2003; Lea et al., 2003; Hay et al., 2003; Godelitsas et al., 2003) . While in situ AFM mainly shows the topographic effects of dissolution and growth processes, quantitative information on the subsequent sorption processes can be obtained using surface spectroscopic techniques such as X-ray Photoelectron Spectroscopy (XPS) and Rutherford Backscattering Spectroscopy (RBS) in combination (e.g. Stipp et al., 2003; Hay et al., 2003; Godelitsas et al., 2003) .
The main objective of this study was to characterize, by means of microscopic (in situ AFM, SEM-EDS), spectroscopic (XPS, FT-IR) and XRD techniques, the {1014} cleavage surface of calcite interacted with aqueous solutions of a Hg(II) salt, (Hg(CH 3 COO) 2 ). As a consequence, the chemical processes taking place simultaneously or in sequence at the calcite-water interface, during the interaction, can be recognized and distinguished. Special attention was given to the elucidation of the surface processes occurring during the initial stages of the interaction (1 to 5 min). Data of a similar nature on the interaction between calcite single crystals and other divalent metal ions such as Ni 2+ and Pb 2+ have recently been published (Hoffman and Stipp, 2001; Godelitsas et al., 2003) .
Experimental methods
The mm-sized calcite single crystals used in the present study were prepared by cleaving a chemically pure larger crystal of optical quality calcite from Chihuahua (Mexico), supplied by Dr F. Krantz (Bonn/D). All experiments involving the exposure of freshly cleaved {1014} calcite surfaces to the Hg(II) solutions were performed at room temperature under atmospheric P CO 2 . The metal aqueous solutions, at a concentration of 5 mM Hg(II), were prepared using Hg(CH 3 COO) 2 (Alfa Aesar), in the absence of background electrolyte in order to avoid additional elements interacting with the surface. Such solutions are naturally acidic (pH &3.5), containing hydrated Hg 2+ ions as the dominant cationic species and limited amounts of hydrolysis products (Baes and Mesmer, 1986) . Relevant information on the speciation of Hg(II) in the Hg(CH 3 COO) 2 solutions used in the experiments were obtained using the PHREEQC program and the MINTEQ database (Parkhurst and Appelo, 1999) . The rhombohedral calcite crystals were not chemically pre-treated, and the newly cleaved surfaces were in contact with nothing but air before exposure to distilled water and/or to Hg(II) solutions.
In the rst set of experiments, in situ AFM images (both de ection and height) were obtained using the uid cell of a Digital Instruments Nanoscope III Multimode instrument working in contact mode. Suitable calcite crystals were rst interacted with distilled H 2 O (~1 min) and then the changes in the surface microtopography were recorded after injection of Hg(II) solution (for up to~2 h). The crystals removed from the AFM uid cell were further examined by SEM-EDS using a Jeol JSM-6300F system equipped with an Oxford Instruments Link EDS system. At the same time, in situ AFM experiments were also carried out, for comparative purposes, using only a 0.006 M CH 3 COOH (Merck) aqueous solution of pH &3.5.
In the second set of experiments, in order to obtain samples for the spectroscopic (XPS) investigations, freshly-cleaved crystals were reacted, into 50 ml sterile polypropylene Tubes (Greiner Bio-One), for different periods of time (1, 5 and 20 min). The methodology indicated by Hoffmann and Stipp (2001) was generally followed. The crystals were immersed in Hg(II) solution, and held in constant motion for a given period of time, by holding two of their edges with Te on tweezers. At the end of the exposure time, each crystal was removed and the remaining droplets were blown from the surface using a stream of high-purity N 2 . Then, the Hg(II)-interacted calcite samples were introduced into the vacuum chamber for spectroscopic investigations, adjusted carefully in stainless-steel holders. The XPS spectra were obtained using a VG Escascope and Mg-Ka X-rays (charge-correcting the spectra on the basis of the adventitious hydrocarbon C 1s signal at 284.8 eV).
Finally, in the third set of experiments, calcite single crystals were exposed for longer periods (from 12 h to 1 month) to Hg(II) solutions. The solid experimental products were characterized by means of powder X-ray diffraction (powder-XRD) using a Philips X'Pert diffractometer with Cu-Ka radiation, whereas mid-FT-IR (infrared) spectra were recorded using a Bruker Vector 22 spectrometer and KBr pellets. Natural montroydite (HgO) crystals, from Socrates mine CA/USA (supplied by Excalibur Mineral Corp., NY/USA) were also examined using the above techniques.
Results and discussion

Short term (1^5 min) interaction of calcite surface with Hg(II) solution
In situ AFM observations on a calcite cleavage surface interacted with H 2 O (pH &7) for~1 min and subsequently with a Hg(CH 3 COO) 2 aqueous solution (pH &3.5), containing 5 mM Hg(II), up to 5 min, are shown in Fig. 1 . The preliminary injection of distilled water into the AFM uid cell is required to clean the calcite surface as well as to establish the crystallographic directions on the {1014} face from the orientation of the etch pits. These characteristic rhombic etch pits ( . The vertical faintly-white lines at the left side of each image represent an artefact due to the fast scanning required in order to observe the changes in the surface microtopography.
[481] + steps are symmetrically related as are the [441] -and [481] -steps. This non-equivalence results in an anisotropic dissolution rate in water, with the obtuse steps advancing faster than the acute steps (e.g. Hillner et al., 1992; Stipp et al., 1994; Liang et al., 1996; Liang and Baer, 1997; Lea et al., 2001; De Giudici, 2002) . At pH &9 (adjusted by NaOH) the step-retreat velocities are 3.4 nm s -1 and 1.5 nm s -1 respectively (Liang and Baer, 1997) , whereas in the pH region 4.3 -7.5 (adjusted by HCl), the respective velocities are 4.2 nm s -1 and 1.1 nm s -1 (De Giudici, 2002) .
In our experiments, the initial H 2 O-induced rhombic etch pits disappear rapidly after injection of the Hg(CH 3 COO) 2 solution, and are replaced by deeper etch pits in the shape of an isosceles triangle with slightly curved sides (Fig. 1b -d) . The transformation of the etch pits is exceptionally rapid, and as a result the entire surface microtopography of calcite is completely modied in the time it takes to scan the surface (~30 s). The crystallographic orientation of these new triangular etch pits as well as of the primary rhombic etch pits, are shown in Fig. 2a,b. As measured from the in situ AFM data, the increase of the etch pit area (A in mm 2 ) is rapid and is linearly correlated to the interaction time (t in s) in the early stages (up to 3 min) according to the relationship: A = 19.7t -6. The dissolution is T im e (s)
Step-retreat (nm) , respectively, as shown in Fig. 2c ). The Hg(CH 3 COO) 2 -induced step-retreat velocity along [221] is much greater than that recorded by Giudici (2002) , for 'positive' steps of rhombic etch pits in the presence of HCl solution of lower initial pH (2.7). The height of the steps constituting the walls of the etch pits is~3 A Ê (corresponding to one atomic layer of calcite). After~5 min of interaction, the triangular etch pits begin to overlap eventually developing larger hexagonalshaped etch pits (see text below).
Such a modi cation of the etch pit morphology has not been observed previously on calcite in the presence of foreign metal ions or other chemical constituents. Some morphological characteristics, such as the acute upper end, are similar to the etch pits described by Hong et al. (1997) Teng and Dove (1997) during the interaction of calcite with aspartate molecules. To test whether the CH 3 COO -ions might control the development of the triangular etch pits observed in the present study, separate in situ AFM experiments were carried out using only acetic acid and retaining the same pH conditions, although, necessarily, a different ionic strength (see the Experimental methods section, above). The results, shown in Fig. 3 , indicated rhombic etch pits, similar to those observed in the presence of H 2 O. There is, therefore, no indication that the presence of acetate, at least at concentration 0.006 M, can induce the formation of triangular etch pits, and it is the presence of Hg(II) ions that controls the new etch pit morphology.
'Positive' and 'negative' growth steps, analogous to dissolution steps formed on the {1014} surface of calcite during dissolution processes, also exist at polygonized hillocks which are developed onto the surface during growth processes in the presence of trace ions (impurities). The non-equivalence of growth steps is considered to be crucial for the preferential incorporation of foreign ions into the structure of calcite during crystal growth from a Ca 2+ -NH + 4 -Cl -growth solution (Paquette and Reeder, 1995 ) tend to incorporate in 'small' sites located along 'negative' steps (Staudt et al., 1994; Paquette and Reeder, 1995 Fig. 2) . However, the formation of the speci c etch pit shape observed here cannot be easily explained by a simple preferential adsorption.
A comparison of the topography in Fig. 1a and b suggests that many layers of the original calcite surface are rapidly removed after the injection of the lower-pH Hg(II) solution. The absence of a vertical height reference point for the initial calcite surface makes the total amount of carbonate solid removed dif cult to estimate but   FIG. 3 . In situ AFM image of the dissolved {1014} surface of calcite after injection of an CH 3 COOH aqueous solution (pH &3.5). The scan area is 7.567.5 mm 2 .
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from the depth of the original H 2 O-induced etch pits we estimate this to be at least 10 atomic layers (~30 A Ê ). As a consequence, the novel triangular etch pits, described above, are immediately developed on the chemically modi ed surface. Furthermore, the dissolution of this modi ed surface proceeds intensely and anisotropically through the quick enlargement of the newly formed etch pits. The main characteristic of the modi ed {1014} surface relates to the existence of Hg(II), which is sorbed (adsorbed and perhaps also absorbed) at near-surface layers of the calcite structure and simultaneously regulates the evolution of the microtopography. On the other hand, there are also likely to be inhibiting effects on the dissolution which adjust the shape of the etch pits. The XPS spectra of the calcite surface after 1 m i n a n d 5 m i n o f i n t e ra c t i o n w i t h Hg(CH 3 COO) 2 aqueous solution are shown in Fig. 4 (depth of analysis~30 A Ê ). Quanti cation of the XPS spectra before and after interaction with the solution (taking into account peak areas and atomic sensitivity factors) indicates that though the initial Ca content (~40% w/w) of the near-surface layers is not signi cantly reduced after 1 min of interaction, the concentration of Hg(II) is detectable and reaches a value of 0.3%. The situation is clearer after 5 min of interaction; the surface concentration of Ca is considerably reduced (27.8%) while the related content of Hg(II) is increased (2.5%). The above data strongly suggest that Hg(II) ions are sorbed on calcite while its surface is dissolving. From the qualitative evaluation of the Ca 2p 3/2 photoelectron peaks (e.g. Gopinath et al., 2002) , it is concluded that Ca 2+ in the near-surface layers remains in a calcite-type structure during the interaction. Additionally, on the basis of the binding energy (BE) of the Hg 4f 7/2 peaks resolved at 101.6 eV, the presence of elemental Hg (99.88 eV, Powell 1995) or the precipitation of HgO (100.77 eV, Humbert 1986) can be excluded. There are no XPS data on Hg(II) carbonate compounds in the literature and thus it is not possible to de ne the structural state of the sorbed Hg in the early stages of interaction. According to Hyland et al. (1990) who investigated the interaction of Hg(II) with pyrite and galena, as well as according to Ehrhardt et al. (2000) and Behra et al. (2001) who studied the interaction of Hg(II) with the pyrite surface, the Hg 4f 7/2 BE of Hg(II) sorbed from solutions of low pH is in the region 100.7 -100.9 eV due to surface complexes with sulphidic S. Consequently we may consider that the BE of Hg 4f 7/2 recorded at higher energy in our experiments may be attributed to surface carbonate complexes of sorbed ions of Hg (II). Furthermore, taking into account the extended literature on the interaction of other divalent metal ions with calcite, we could also argue the incorporation (absorption) of the metal in [6] Ca 2+ surface sites. This allows us to speculate that a solid solution is formed on the surface of calcite, though with our existing data it is not possible to discuss the nature of such a material in the absence of information on a hypothetical HgCO 3 end-member. The incorporation of divalent metal ions into the calcite surface structure is generally discussed in terms of their size (e.g. Reeder, 1996) . Reeder et al., 1999) but possess a ninefold coordination as major constituents forming pure carbonates with an orthorhombic aragonite-type structure. In the rst case, the ionic radii of all the divalent 6-coordinated metal ions, according to Shannon (1976) , are smaller than that of [6] Ca 2+ , whereas in the second case the ionic radii of the divalent 6-and 9-coordinated metal ions are larger than those of [6] Ca 2+ and [9] Ca 2+ respectively ( [6] r Ca 2+ = 1 A Ê and [9] r Ca 2+ = 1.18 A Ê ). Taking into account that [6] r Hg 2+ = 1.02 A Ê (slightly larger than [6] r Ca 2+), it could be presumed that minor amounts of Hg 2+ ions (impurities) can substitute Ca 2+ ions in octahedral sites into the calcite structure. However, no HgCO 3 compound with either calcite or aragonite structure is known.
Longer term (5 min up to 1 month) interaction of calcite surface with Hg(II) solution
After longer-term interaction in the AFM uid cell, the triangular etch pits observed during the rst stages of the experiment are interconnectedto form deep etch pits of hexagonal shape which are also developed along [221] (Fig. 5) . These etch pits continue to grow slowly till the end of the 
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AFM study (~2 h) and remain stable, suggesting that the crystal almost reaches an equilibrium with the uid in the cell. A later SEM -EDS investigation of the calcite crystal removed from the AFM uid cell, showed the existence of extended dissolution features, on a micro-scale, too large to be observed by in situ AFM. Many of these large etch pits accommodate Hg-containing solid phases overgrown on the dissolved {1014} surface. As shown in Fig. 6 , the aggregates of the Hg-containing akes are perimetrically accompanied by small spheres which are supported on the calcite surface. Since the sorption phenomenon is apparently related to crystal growth of Hg(II) phases through a heterogeneous nucleation process, these spheres may be the earliest stages of the crystallization, although apart from the analytical evidence (by SEM-EDS) that they contain Hg, their nature is not known.
To determine the Hg(II) phases overgrown on the {1014} surface of calcite, separate ex situ experiments were also performed over longer periods of time. After 12 h of interaction, brownred aggregates, macroscopically obvious, are developed on the calcite substrate. The SEM-EDS investigation showed that the aggregates consist of scattered tufts with well developed sphenoidal Hg-containing crystals (Fig. 7a,b) . The powder-XRD investigation of some of these aggregates removed from the surface of calcite showed that the diffraction patterns of the Hgcontaining crystals are consistent with synthetic orthorhombic HgO (Roth, 1956; Aurivillius, 1956) which is similar to the rare mineral montroydite (e.g. Woodhouse, 1934) . Moreover, it was found that the patterns are almost identical to those corresponding to natural montroydite crystals, coexisting with elemental Hg, in speci- ), possibly due to Hg-O bonds. The SEM-EDS investigation of calcite samples exposed for 1 month to a Hg(CH 3 COO) 2 solution, showed overgrown aggregates with more isome tric crystals (Fig. 7c,d) . Although there is an obvious change in the morphology of the crystals, the powder-XRD data indicate that they also correspond to a montroydite-type HgO. It should be noted that speciation calculations using the PHREEQC program (Parkhurst and Appelo, 1999 ) also show the formation of montroydite on the surface of calcite during either short or longerterm interaction with 5 mM Hg(II) in aqueous solution. It is particularly indicated that any increase of the initial pH value at~3.5, due to the dissolution of the calcite surface, corresponds to a considerable increase of the supersaturation with respect to montroydite which appears to be a more stable phase in the system (Hg(II) hydroxide, which may formed, is unstable).
On the other hand, the expectation that, in common with other earlier studies concerning divalent metal ions, a Hg-bearing carbonate phase may form on the surface of calcite, has not been borne out in this work. According to Hietanen and Högfeldt (1976a,b) , pure HgCO 3 solid has never been isolated in the Hg(II)-carbonate system, a l t ho ug h se ve r al b asi c sa l t s, su ch as HgCO 3 ·2HgO, are known. The precipitation of these salts often results in the formation of HgO or compounds with very similar powder patterns to HgO, depending on the pH, despite the fact that complicated synthesis methods have also been suggested (Jordan et al., 1966; Bilinski et al., 1980) . The crystal structure of the Hg(II) basic carbonates remains unknown. The powder-XRD card of HgCO 3 ·2HgO (#32-0657, 1 2000 JCPDS), based on the data of Bilinski et al. (1980) , does not contain information on the crystal system and the unit-cell constants. Thus the thermodynamic properties of a hypothetical solid solution (Ca,Hg)CO 3 or (Hg,Ca)CO 3 ·2HgO are completely unknown. Furthermore, according to Khodakovskiy and Shikina (1981) , HgCO 3 ·HgO is unstable under Earth's atmospheric conditions and should spontaneously lose CO 2 to produce montroydite (which is stable even at very high CO 2 pressures) according to the reaction: HgCO 3 ·HgO ? 3HgO + CO 2 (g) .
Conclusions
In situ AFM experiments showed that typical H 2 O-induced rhombic etch pits formed on the {1014} cleavage surface of calcite, are rapidly transformed to deeper etch pits exhibiting an unusual triangular shape, after interaction with Hg(CH 3 COO) 2 aqueous solution of 5 mM Hg(II) and pH &3.5, at room temperature under atmospheric P CO 2 . The new Hg(CH 3 COO) 2 -induced etch pits move faster along the [221] direction than along the [010] direction (with step-retreat velocities of~12 nm s -1 and~4 nm s -1 , respectively), indicating an anisotropic dissolution process. Relevant microscopic data, concerning the interaction of calcite with CH 3 COOH, indicated a minor in uence of the corresponding anions, and that the contribution of Hg(II) cations is more crucial with respect to sorption processes and inhibiting effects during the surface dissolution. The sorption of Hg(II) (adsorption and probably absorption also) in the dissolved surface during the rst minutes of the interaction, most probably at [6] Ca 2+ sites, is supported by spectroscopi c (XP S) dat a. Furthermore, the triangular etch pits are interconnected to form larger hexagonal etch pits, while Hg(II) phases (obvious by SEM) have already grown on the surface through a heterogeneous nucleation process. The crystal growth of orthorhombic (montroydite-type) hydrated Hg(II) oxide (HgO·nH 2 O) on the surface of calcite, as a result of the metal removal, was proved at sa m p l e s e x p os ed fo r l o ng e r t i m e s t o Hg(CH 3 COO) 2 solution. The formation of potent i a l Hg (II) ca rb ona t es ( HgC O 3 an d/ o r HgCO 3 ·2HgO), as might be expected on the basis of previous studies on the interaction of divalent metal ions and calcite, was not con rmed in the present study.
